The electronic structures of doped Sb 2 O 5 by IV-family elements (Si, Ge and Sn) were examined using the density function theory (DFT). Density of states (DOSs) results showed that the substituted IV-family elements act as acceptors in Sb 2 O 5 . Partial DOSs indicates that by substituting Ge(Ge Sb ) or Sn(Sn Sb ), there may be a larger contribution to the total DOSs near E F than by substituting Si, which suggests that doping Ge or Sn in Sb 2 O 5 produces better ptype doping compared to doping Si. Formation energy results show that IV-family elements are more likely to exist in the substituted position rather than in the interstitial position in Sb 2 O 5 , decreasing any self-compensation effect and making it easier for IV-family elements to realize ptype doping in Sb 2 O 5 . Ionization energy results show that Ge Sb or Sn Sb , two among the three impurities considered, act as shallow acceptors in Sb 2 O 5 , thus producing a higher concentration of holes.
Introduction
In recent years, much attention has been paid to p-type transparent conducting oxide films (p-TCO) [1] [2] [3] [4] . P-type TCO films with good optical and electrical characteristics are widely required for fabricating transparent electronic devices [5] [6] [7] [8] . Until recently, although some p-type TCO films (such as ZnO, SnO 2 , etc.) have been developed, their limiting conductivity has still not reached satisfying [9] [10] [11] [12] levels. Therefore, developing new p-type TCO films with higher quality is very important.
Sb 2 O 5 is a potential TCO material because the pentavalent species of Sb 5+ with a d 10 electronic configuration makes it stabile for wide band gaps, and simultaneously favors a more covalent character of the metal-oxygen bond than for other d n cations [13] . 
Methods
Density function calculations, based on first-principles, were performed on a monoclinic structured antimony oxide supercell (Sb 16 O 40 ) and on other IV-family doped antimony oxide supercells. Criteria such as local density approximation (LDA), ultrasoft pseudopotential (USP), an energy cutoff of 340 eV and a 3 × 3 × 5 Monkhorst-Pace k-point grid were adopted to perform the density function calculations. It was found that any further increase of the energy cutoff or Monkhorst-Pace k points did not change the total energy of the antimony oxide supercell (below 0.001 eV).
According to Chris. G. Van de Walle, the formation energy of an impurity in charge state q is defined as [17] :
Where E tot [X q ] is the total energy of a supercell with one impurity X, E tot [bulk] is the total energy of the equivalent supercell with pure bulk material, n i is the number of atoms of type i that have been added to or removed from the supercell, µ i is the corresponding atomic chemical potential, E F is the Fermi level referring to the valence-band maximum in the bulk, E V is the top of the valence band of the bulk material, and ΔV is a correction term for aligning the reference potential in impurity-added supercells compared with that of the bulk. The transition level E A between charge states q 1 and q 2 is defined as the Fermi-level position where charge states q 1 and q 2 have equal energy. For Sn Sb in Sb 2 O 5 , the relevant charge states are q 1 =0 and q 2 =-1, therefore,
Based on the above formula, it is possible to determine the ionization energy of the impurity.
Results and Discussion
The model structure of a IV-family doped Sb 2 O 5 supercell is established by replacing one of the antimony atoms in Sb 16 O 40 by a IV-family atom. Fig. 1 shows the crystal structure of a Sn-doped Sb 2 O 5 supercell. The detailed partial DOSs of substituted IV-family impurities in Sb 2 O 5 have also been calculated and are shown in Fig. 3 .
It can be seen that the PDOSs of the substituted Ge(Ge Sb ) or the substituted Sn(Sn Sb ) have larger contributions to the total DOSs near E F than that of Si Sb , which suggests that doping Ge or Sn in Sb 2 O 5 results in better p-type doping compared to doping Si. The main contribution of Ga Sn to the DOSs near E F comes from the Ge4s and Ge4p states, and the main contribution of Sn Sb to the DOSs near E F comes from the Sn5s and Sn5p states.
IV-family elements can be incorporated in various capacities in Sb 2 O 5 , such as an interstitial agent, or a substituting agent for an antimony site. It is only after they are incorporated on the antimony site that p-type Sb 2 O 5 can be obtained. Configurations of IV-family impurities in Sb 2 O 5 directly affect their p-type doping effects. Therefore, the formation energy of IV-family impurities with different configurations in Sb 2 O 5 has also been calculated and is shown in Table 1 .
As seen in this table, the formation energy of the substituted position of IV-family elements is lower than that of their interstitial position at a temperature of 273 K. In other words, IV-family elements are more likely to exist in substituted positions than in interstitial positions in Sb 2 O 5 . In this regard, IV-family elements can more easily realize p-type doping in Sb 2 O 5 because it is more difficult for their interstitial position to form in Sb 2 O 5 and thus may not lead to self-compensation. In order to present a quantitative study of the effect of IV-family substituted elements on the electrical characteristics of Sb 2 O 5 , the formation energy of impurities as a function of the Fermi energy level is shown in Fig. 4 . By definition, the zero point of the Fermi level corresponds to the top of the valence band in the calculation. The slope of these segments indicates the charge state. Intersecting points in the curves indicate transitions between different charge states of impurity. It can be seen from Fig. 4 that the ionization energy of Si, Ge and Sn is 0.13 eV, 0.07 eV and 0.05 eV respectively, that's to say, among the three impurities, the substituted Ge or Sn will introduce shallower acceptor levels in Sb 2 O 5 and thus produce a higher concentration of holes. Compared with Ge or Sn, Si will introduce deeper acceptor levels in Sb 2 O 5 and thus produce a lower concentration of holes. Based on the above theoretical prediction, p-type transparent conducting Sn-doped Sb 2 O 5 films have been successfully prepared by our group [18] .
Conclusion
Density of states (DOSs) results of doped Sb 2 O 5 by Si, Ge and Sn show that the substituting IV-family elements make Fermi levels shift to lower energies in the valence bands, thus forming a partially occupied valence band maximum, and therefore indicating that substituting IV-family elements act as acceptors in Sb 2 O 5 . Partial DOSs results indicate that Ge Sb or Sn Sb have a larger contribution to the total DOSs near E F than that of Si, which suggests that doping Ge or Sn in Sb 2 O 5 results in a better p-type doping compared to doping Si. Formation energy results show that IV-family elements are more likely to exist in the substituting position rather than in the interstitial position in Sb 2 O 5 ; this decreases the self-compensation effect and makes it easier for IV-family elements to realize p-type doping in Sb 2 O 5 . And lastly, ionization energy results shows that Ge Sb or Sn Sb , of the three impurities considered above, will act as shallower acceptors in Sb 2 O 5 thus producing a high concentration of holes.
